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1. ABSTRACT
We present the results on the stellar Initial Mass Func-
tion (IMF) normalisation of 68 massive (M∗ = 10
11
−
1012M⊙) Early-Type Galaxies (ETGs) at redshift of ∼1.
This was achieved by deriving the stellar Mass-to-Light
ratio (M/L) of the galaxies through axis-symmetric dy-
namical modelling and comparing it to the same derived
via stellar population modelling through full spectrum
fitting. The study also employs an Abundance Match-
ing technique to account for the dark matter within the
galaxies. The results demonstrate that massive ETGs at
high redshifts on average have a Salpeter-like IMF nor-
malisation, while providing observational evidence sup-
porting previous predictions of low dark matter fraction
in the inner regions (<1Re) of galaxies at higher redshift.
2. INTRODUCTION
In recent years, a significant paradigm shift has
taken place in our understanding of the Initial Mass
Function (IMF) of galaxies. In Cappellari et al.
(2013a, Hereafter ATLAS3DXV), the authors cre-
ated detailed axis-symmetric dynamical models to ro-
bustly derive the stellar Mass-to-Light ratio (M/L)
for 260 ETGs in the local universe. By compar-
ing these M/Ls to those derived through stellar pop-
ulation modelling, the authors demonstrated that the
IMF of galaxies wasn’t universal, but in fact varied
systematically with the central velocity dispersion of
the galaxies (Cappellari et al. 2012, 2013b, Hereafter
ATLAS3DXX). This systematic variation has been con-
firmed via stellar population models (Spiniello et al.
2012; Conroy & van Dokkum 2012; Smith et al. 2012;
Ferre´-Mateu et al. 2013; La Barbera et al. 2013) and dy-
namical approaches (Dutton et al. 2013; Tortora et al.
2013). In this work, we have attempted to study the
IMF normalisation of high redshift galaxies.
3. DATA
We use 1D galaxy spectra taken from the DEEP2
Galaxy Redshift Survey (Newman et al. 2013). The
survey has observed ∼49,000 galaxies in an observed-
frame wavelength range of 6,500-9,100A˚ at a res-
olution of R∼6,000 at 7,800A˚. We also use high-
resolution (0.03”/pixel) F814W filter HST/ACS images
of our galaxies, taken from the AEGIS data product
(Davis et al. 2007), which translates to the rest-frame
B-band for our galaxies.
4. METHOD
Before we start our analysis we apply our first set of
selection criteria. We restrict our analysis to galaxies in
the DEEP2 survey that have reliable redshift and lay in
the redshift range of 0.7-0.9. Along with this, we also vi-
sually inspect the galaxy spectra to verify the presence of
significant absorption lines, and to mask telluric features
and significant gas emission lines.
We derive the stellar kinematics of the galaxies by fit-
ting the galaxy spectra to a subset of 53 empirical stellar
spectra taken from the Indo-US Library of Coude´ Feed
Stellar Spectra Library (Valdes et al. 2004), using the
pPXF code (Cappellari & Emsellem 2004). We have set
a Signal-to-Noise (S/N) cutoff at 3 per 60 km/s spectral
pixel and have visually inspected every spectrum to en-
sure that the best-fits do indeed fit real stellar features.
We have derived realistic errors using a bootstrapping
technique.
To create our dynamical models, we use the JAM
dynamical modelling code which solves the anisotropic
Jean’s equations under the assumption of axis-symmetry
(Cappellari 2008), while taking into account aperture
and seeing effects. Using the light and mass profile for the
galaxy, the code is able to predict the expected observed
stellar kinematics for the galaxy profiles which can then
be calibrated with the observed kinematics to derive the
stellar M/L of the galaxies.
To parametrise the light and stellar mass profile of our
galaxies, we use the MGE fitting code (Cappellari 2002)
on our galaxy photometry. For our galaxies, it is essential
that we accurately reproduce the light profile of the inner
region of galaxies, where the stellar kinematics are de-
rived, and hence we have visually verified each galaxy fit.
In the process of visual verification, we have eliminated
galaxies that have non-axis-symmetric features such as
bars, dust lanes etc as these aren’t well parametrised by
the code.
To model the halo profile, we have used results from
Abundance Matching. To do this, we associate every
possible stellar mass, or stellar M/L, of the galaxy with
an associated halo mass at the given redshift of the
galaxy using the results of Moster et al. (2013). As-
suming that the dark matter halo follows a NFW profile
(Navarro et al. 1996), we use the results of Klypin et al.
(2011) to derive the concentration of the profile, while
accounting for the redshift of the galaxies, and there-
after other physical parameters of the halo. We can
then derive the best fitting stellar mass, ie stellar M/L,
which along with it’s associated dark matter halo best re-
produces the observed stellar kinematics of our galaxies
through our dynamical modelling.
To use the JAM code we have to make certain assump-
tions on our galaxies, ie. we assume a constant velocity
anisotropy (βz ≡ 1− σ
2
z
/σ2
R
) of 0.2 for our galaxies, and
assume that the inclination of our galaxies is 60◦ unless
this is unrealistic given the galaxy photometry. These
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Fig. 1.— This plot depicts the dark matter fraction within 1Re of
our galaxies and it’s systemmatic variation with galaxy stellar
mass. The solid line represents the trend found by ATLAS3DXV
(Bottom panel of fig. 10). The plot above is directly comparable
to that in ATLAS3DXV since both were produced using a similar
Abundance matching technique.
assumptions are supported by results of realistic simula-
tions carried out by Lablanche et al. (2012) and previous
works (Cappellari et al. 2006; Cappellari 2008) that have
shown that the errors introduced by the uncertainty in
these quantities are insignificant compared to the errors
on the stellar kinematics of our galaxies.
Next, we derive the stellar M/Ls through full spectrum
fitting of the galaxy spectra with a template model set
using pPXF. We use the MILES stellar population mod-
els (Vazdekis et al. 2010), which are based high resolu-
tion empirical stellar spectra of the MILES stellar library
(Sa´nchez-Bla´zquez et al. 2006), under the assumption of
a Salpeter IMF. We also assume that the star formation
history of the galaxies varies linearly in log-time space.
To implement our final selection criterion, we visually
inspect the stellar populations of our galaxies and remove
those that contain multiple major star formation events
or significant fraction of young (<1.2Gyr) stellar popu-
lation. This criterion is based on results of ATLAS3DXV
where the authors find that such young galaxies tend
to have a radially varying stellar M/L, and hence break
the implicit assumption of constant M/L throughout the
galaxy.
For further information on the methodology used and
examples plots of the various fits in the work, we re-
fer the reader to Shetty & Cappellari (2014), where the
same analysis is done with the exception of Abundance
Matching.
5. RESULTS AND CONCLUSION
The work presented here extends to higher redshift ear-
lier works of the IMF normalization of local galaxies.
Through a rigorous selection criteria, we have carefully
derived the stellar M/L for 68 galaxies, from an original
sample of ∼49,000 galaxies, through axis-symmetric dy-
namical modelling and stellar population modelling. As
a result of these selection criteria, our galaxy sample is
biased towards massive (M∗ = 10
11
− 1012 M⊙) ETGs.
The dynamical M/L derived in this work represents
the stellar M/L of the galaxy as it takes into account the
contribution of the dark matter halo through Abundance
Matching. Based on the results of detailed dynamical
modelling in ATLAS3DXV and on merger computer sim-
ulations of Hilz et al. (2013), Shetty & Cappellari (2014)
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Fig. 2.— This plot illustrates the IMF normalisation of the galax-
ies. The x-axis represents the stellar M/L derived via our dynami-
cal models, while the y-axis represents that derived through stellar
population modelling. The plot is is directly comparable to fig.11
in ATLAS3DXX.
had assumed that the dark matter fraction within the
inner 1Re of these galaxies is <30%. The abundance
matching technique used in this study supports this pre-
diction. In Fig. 1, we depict the dark matter fraction of
our galaxies. Here we notice a trend of the dark matter
fraction with the stellar mass of the galaxies, which is
similar to that observed by ATLAS3DXV (Bottom panel
of fig. 10), with a lower normalisation, consistent with
the results of Hilz et al. (2013).
In Fig. 2, we present the IMF normalisation of our
galaxies. The colour code in the plot represents the
smoothed variation of the central velocity dispersion of
the galaxies. The plot clearly illustrates that, on aver-
age, the IMF normalisation of the massive high redshift
ETGs is Salpeter-like. This plot also qualitatively similar
to fig. 11 of ATLAS3DXX, ie both plot illustrate a lack
of correlation between the two stellar M/Ls for the most
massive galaxies. Assuming the passive evolution of the
central regions of these galaxies, this result is consistent
with results produced by ATLAS3D, Auger et al. (2010,
SLACS), Conroy (2013) and Spiniello et al. (2014).
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